Abstract. This paper presents a new design of an artificial muscle actuator called tube-spring actuator (TSA) that is fabricated with dielectric elastomer. The new actuator construction includes two steps: the first is that a cylindrical actuator is manufactured with dielectric elastomer with multi-layer lamination process. Then a compressed spring is inserted to inside the tube as the second step of the process. The inner spring is used to maximize the axial deformation while constraining the radial contraction. This design enables effective linear actuation with largest amount strain. The monitored strain of active length is up to 15 percents. The manufactured actuator is applied to a robot hand as an example of the actual application.
Introduction
For many years, electroactive polymers (EAP) are popularly studied as substitutes of the traditional electromagnetic actuators for their compliant, versatile, low density, and low cost characteristics as necessity of the new actuators for various small scale applications grows. Dielectric elastomer is one of the particular class of EAPs and has been proven to be able to generate strains grater than those obtainable from other types of EAP. They are forecasted today as suitable materials to realize high performance devices for the actuation where small physical space is available so that no types of electromagnetic transducers could be used. As reported in the previous researches, the performance of the dielectric elastomer largely depends on the electrical properties, especially dielectric constant and breakdown voltage as well as dominated by the mechanical properties such as elastic modulus, stress relaxation, and viscous damping. There are numerous dielectric elastomers commercially available such as silicone, polyurethane, acrylic elastomer etc. [1] [2] In this paper we propose a new linear actuator, called tube-spring actuator (TSA) by adopting the advantage of the tube actuator. TSA is a cylindrical multi-layered dielectric elastomer actuator that is reinforced by a cylindrical inner spring. The compressed spring enhances the axial elongation whereas constrains the radial contraction.
Tube-Spring Actuator (TSA)
Recognizing the advantage of combination of the cylindrical actuator and the compressed spring for a robotic application, there are some problems to be cleared for the successful application to a robot part. The dielectric elastomer actuators should basically contain two regions active and non-active regions, as described in Fig. 1 . The active region refers to the area covered with the electrode and under the influence of electric field. The non-active region corresponds to the bare elastomer substrate without covering of electrode. The existence of the non-active area is a serious drawback of the actuators because it obstructs the deformation of active region. However the non-active area works as an insulator to avoid the surface breakdown under the high electrostatic field. Reducing the effect of non-active area is necessary to improve the actuator performance. Noting the characteristics of the non-active area, the cylindrical shape actuator is adopted in the present work. It has been tested for the most advantageous design for many studies [2] . TSA is based on the principle conceptually illustrated in Fig. 2 . This actuator is compact in size with no non-active region at radial direction as illustrated in Fig. 2 . In this actuator, since the non-active region does not constrain the deformation of the active region, the large deformation of the active region can be achieved. The compressed spring is inserted in the tube and kept inside by two caps. The cylindrical actuator enclosing the spring includes four layers as illustrated in Fig. 3 . The inner layer is called a protecting layer that is very thin (the thickness is about 10-15 µm) to prevent the contact between spring and compliant electrode layer. The active layer is formed by coating with the electrode. Since the thickness of protecting layer is very thin compared with the thickness of active one, its influence to actuation is negligible. Consequently, the problem non-active region (the protecting layer) has been reduced least effectiveness to deformation of TSA.
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Fig. 4: Basic operation in transduction and schematic view of proposed actuator
Dielectric polymers with low elastic modulus and high dielectric constant have been shown to induce fairly large actuation strain when subjected to an electrostatic field. The phenomenon can be well described by a parallel plate capacitor with the dielectric material as medium. A pressure arises between the two electrodes of the capacitor when it is charged as shown Fig. 4 . This pressure, known as the Maxwell pressure, arises from the fact that the plus-charges on one electrode attract the minus-charges on the other and the electrostatic forces resulting from the free charge squeeze and stretch out the polymer. Based on simple electrostatic model, the effective pressure can be derived as follows [2] :
where p is electrostatic pressure(Maxwell stress). 0 ε and r ε mean the free-space permittivity (8.85.10-12 F/m), and the relative dielectric constant of the elastomer, respectively. V denotes the applied voltage and t is the film thickness. As described above, the electrostatic pressure acting on the TSA is calculated as [3] : (2) Assuming that the strain is small, the stress cad be calculated from elasticity theory. Define that elasticity F and prestrain F are the axial force induced by the elasticity of material and prestrain stress below respectively. Briefly the total output force is given by: Key Engineering Materials Vols. 326-328
Robotic application
As mentioned above, the TSA has no non-active region in radial direction and an advantage to robotic application. By using TSA, in the present work a multi-fingered robot hand is proposed as shown Fig.  6 . 
Conclusion
In this paper, a new linear actuator based on dielectric elastomer was presented. The TSA is compact, is easy to fabricate, and provides muscle-like characteristics. Finally, it is applied to the robot hand and lays the foundation for the future work on dielectric polymer actuator.
